and that hypomorphic mutations in developmental genes can elicit profound adult behavioral deficits. We assessed epistasis among these genes by constructing all possible double heterozygotes and measuring avoidance responses under two stimulus conditions. We observed enhancer and suppressor effects among subsets of these P-element tagged genes, and surprisingly, epistatic interactions shifted with changes in the concentration of the olfactory stimulus. Our results show that the manifestation of epistatic networks dynamically changes with alterations in the environment.
INTRODUCTION
Behaviors are complex traits determined by many genes with allelic effects that are exquisitely sensitive to the environment (ANHOLT and MACKAY 2004) . We have used the olfactory avoidance response of Drosophila melanogaster as a model system to gain insights into the genetic architecture of behavior (ANHOLT et al. 1996) . Olfactory avoidance responses to repellant odorants are essential for survival, and chemosensory behavior in general is critical for food localization, food intake, interactions with reproductive partners, and localization of oviposition sites.
The olfactory system of Drosophila is one of the best characterized chemosensory systems, consisting of ~1,200 olfactory neurons compartmentalized in basiconic, coeloconic and trichoid sensilla in the third antennal segments and ~120 olfactory neurons in basiconic sensilla in the maxillary palps (SHANDBHAG et al. 1999) . Most olfactory neurons express a unique odorant receptor from a repertoire of 60 odorant receptor genes (CLYNE et al. 1999; GAO and CHESS 1999; VOSSHALL et al. 1999) together with the common Or83b receptor (LARSSON et al. 2004) , which is essential for transport and insertion of odorant receptors in the chemosensory dendritic membranes (BENTON et al. 2006) . Neurons that express the same receptor project bilaterally to one or two of about 42 individually identifiable symmetrically located glomeruli in the antennal lobes (LAISSUE et al. 1999; VOSSHALL et al. 2000; GAO et al. 2000; BHALERAO et al. 2003) , where olfactory information is encoded in a spatial and temporal pattern of glomerular activation (WANG et al. 2003) . The glomerular map is decoded in central brain structures, the lateral horn of the protocerebrum and the mushroom bodies, which receive chemosensory information from output neurons of the antennal lobes (NG et al. 2002) . Elegant single unit electrophysiological recordings have characterized the molecular response profiles of many odorant receptors expressed in the maxillary palps (DE BRUYNE et al. 1999 ) and antennae (DE BRUYNE et al. 2001; DOBRITSA et al, 2003; HALLEM et al. 2004) . Recently, this analysis has been extended to a comprehensive characterization of the molecular receptive fields and response characteristics of 24 odorant receptors with a panel of more than 100 odorants (HALLEM and CARLSON 2006) .
Whereas the fly's odorant receptor repertoire determines its capacity for chemosensory stimulus recognition, processing and perception of the stimulus, assessment of its biological significance in the environmental context, and generation of an appropriate behavioral response depend on the recruitment of a vast array of interacting gene products. What are the properties of the genetic architecture that enables the nervous system to direct appropriate behavioral responses to chemical signals from the environment?
Understanding the genetic architecture of any complex trait requires first and foremost identifying the genes that contribute to manifestation of the trait, which can be achieved by mutagenesis screens. A second layer of analysis is determining how genes implicated in manifestation of the trait form functional ensembles, either through additive or non-linear interactions (ANHOLT and MACKAY 2004; ANHOLT 2004) .
Previous studies have identified several genes, other than chemoreceptors, that are essential for mediating chemosensory responses, e.g. scribble (GANGULY et al. 2003) , the DCS1 sodium channel (KULKARNI et al. 2002) and Calreticulin (STOLTZFUS et al. 2003) .
In addition we identified 14 co-isogenic p [lArB] insertion lines with diminished olfactory avoidance responses to repellent odorants (ANHOLT et al. 1996) and showed that eight of these transposon-tagged smell-impaired (smi) loci formed a network of epistatic interactions (FEDOROWICZ et al. 1998) . The success of these experiments motivated us to conduct a three-fold larger P-element screen to extend the number of candidate genes that could be directly implicated in odor-guided behavior and might give additional insights into the extent of plasticity of epistatic networks that govern behavioral phenotypes.
Here, we report the identification of 83 new P-element insertion lines in Drosophila melanogaster with aberrant olfactory avoidance behavior from a screen of 1,339 co-isogenic lines that contain a single marked p[GT1] gene-trap transposon (LUKACSOVICH et al. 2001; BELLEN et al. 2004 ). The p[GT1] gene trap element is a versatile transposable element designed to insert in or near target genes and contains an enhancer trap GAL4 cassette that can drive the expression of GAL4 under an endogenous promoter thereby enabling potential transgene expression under UAS promoters for genetic manipulations of cells in which the target gene is expressed (LUKACSOVICH et al. 2001) . Most of the p[GT1]-tagged candidate genes included in our study have been implicated in early development of the nervous system. Null mutants in these genes often result in developmental defects that will not allow the maturation of a healthy adult animal, thereby precluding assessment of the effects of such genes on adult behavior.
Our hypomorphic P-element induced mutations, however, allow ostensibly normal development, but have profound effects on adult olfactory avoidance behavior.
Since all p[GT1]-elements are in a co-isogenic background we can assess epistatic interactions among them and ask whether epistatic networks are invariant or dynamic under different environmental conditions. We have performed this analysis with a set of ten p[GT1]-element insertion lines and show that the manifestation of epistatic interactions between candidate genes depends on the stimulus concentration that elicits the avoidance response. Our results show that the composition of epistatic networks is more dynamic than generally appreciated. These studies lead us to propose a model in which the genetic architecture of olfactory behavior depends on genetic networks that comprise dynamic epistatic interactions with few stable hubs and with fluid enhancer/suppressor effects that are manifested under different environmental conditions.
MATERIALS AND METHODS
Fly stocks and mutagenesis screen: p[GT1] insertion lines (LUKACSOVICH et al., 2001) , constructed in co-isogenic Canton-S backgrounds (A, B, C, D, E, and F) as a resource for the Berkeley Drosophila Genome Project, were obtained from Dr. Hugo Bellen (Baylor College of Medicine, Houston, TX; BELLEN et al. 2004) . Homozygous viable p[GT1] insertion lines were screened by quantifying olfactory avoidance behavior exactly as described by ANHOLT et al. (1996) in single sex-groups of five flies per replicate, 4 replicates per sex, at a stimulus concentration of 0.3% (v/v ) benzaldehyde between 2:00 and 4:00 pm, in a randomized design, in which measurements on individual lines were collected over multiple days to average environmental variation. Avoidance scores of appropriate control lines were also determined on each day, with doubled sample size.
We assessed mutational variation in olfactory behavior by two way mixed model analysis of variance (ANOVA) of replicate line means, expressed as deviation from their contemporaneous co-isogenic controls, according to the model
where µ is the overall mean, S is the fixed effect of sex, L is the random effect of Pelement insertion line, S × L is the sex by line interaction term, and ε is the environmental variance between replicates. We also ran reduced analyses for each sex separately, and computed the variance components (σ 2 ) for the random effects. The mutational broad sense heritability was computed as
) from the analysis pooled across sexes, where Approximately ten percent of the lines with lowest olfactory avoidance scores were re-tested by measuring 20 replicates for each sex to identify those lines that showed consistent statistically significant differences from the P-element free Canton S control.
The data were analyzed by two-way fixed effects ANOVA, according to the model
, where µ is the overall mean, S is the effect of sex, L is the effect of line (P-element insertion line and co-isogenic control), S × L is the sex by line interaction term, and ε is the environmental variance between replicates. All flies were reared on an agar yeast-molasses medium in vials maintained at 25° and under a 12 h light/dark cycle.
Assessment of gene expression levels:
We characterized ten mutant lines, all derived in the Canton S B isogenic background, in greater detail. We quantified mRNA levels in these lines by quantitative RT-PCR, using an ABI-7900 sequence detector with a SYBR green detection method, according to the protocol from Applied Biosystems, Inc.
(Foster City, CA) with glyceraldehyde-3-phosphate dehydrogenase as internal standard.
Independent triplicates of total RNA were isolated from female Canton S control and mutant flies using the Trizol reagent (Gibco BRL, Gaithersburg, MD) and cDNA was generated from 150-200ng of total RNA by reverse transcription. Transcript-specific primers were designed to amplify approximately 60bp-100bp regions of all 11 genes using the primer express program from Applied Biosystems, Inc. Primers were designed to encompass common regions of alternative transcripts. Negative controls without reverse transcriptase were used for all genes to exclude potential genomic DNA contamination. Statistical significance for differences in gene expression levels between P-element insertion lines and the control line was determined by two-tailed Student's ttests.
To examine developmental stage specific deficiencies in gene expression levels in mutant lines, relative levels of expression were analyzed in the same way after extraction of triplicate RNA samples from embryos between 13 h and 16 h after oviposition, third instar larvae, pupae, and adult female heads. 
where T i is the sum of mean avoidance score values (averaged over all replicates) of heterozygotes with the ith mutation,
∑
T is twice the sum of mean avoidance score values of all heterozygotes, and n is the number of mutant lines (see also FALCONER and MACKAY 1996) . The SCA effects were computed using the method of GRIFFING (1956) for each heterozygous genotype as
Standard errors of individual GCA and SCA effects were computed according to the formulae given by Griffing (1956) as
where T c is the corrected total, df the degrees of freedom, and r the number of replicates.
We used the Diallel-SAS05 program (ZANG et al. 2005) (Table 2) , whereas 28 did not yield amplification products. As the P-element insertion sites for these lines could not be determined, they
were not considered further. The significance of the difference between 30 of the Pelement insertion lines listed in Table 2 and their co-isogenic controls exceeds a conservative Bonferroni correction for multiple tests. The proportion of mutants represents about 6% of the total lines screened, similar to a previous screen for smellimpaired (smi) mutants, which identified about 4% of p[lArB]-element insertion lines as hypomorpic behavioral mutants (ANHOLT et al. 1996) .
Consistent with the imperfect correlation between the behavior of males and females, we observed variation in sexual dimorphism for the effects of p[GT1]-element insertions on olfactory behavior, as indicated by a significant Line by Sex interaction term in the ANOVA (Table 2 ). Among the 55 mutants with known insertion sites, nine were significantly sex-specific: two mutations affected males only, five affected females only, and two mutations affected both sexes, but with a large difference in the magnitude of their effects in males and females ( Candidate genes, disrupted by the insertion of the transposon, that contribute to olfactory behavior include a wide range of gene ontology categories, including transcriptional regulators, neurodevelopmental genes, and signal transduction components. Gene families that are clustered in the genome are notably refractory to Pelement insertion and, therefore, we did not identify transposons in or near odorant receptor genes or genes encoding odorant binding proteins. We quantified the standardized mutational effects of the P-element mutations as a/σ P , where a = one half of the difference between the homozygous mutant and control line, and σ P is the phenotypic standard deviation of the control (FALCONER and MACKAY 1996) . The average standardized mutational effect of the significant P-element insertions was 0.83 in females and 0.64 in males, with a range of 0.37 -3.01 in females and 0.30 -1.73 in males. Thus the effects of P-element insertions on odor-guided behavior ranged in magnitude from moderate to large (an effect of three standard deviations is nearly Mendelian). The variation in sexual dimorphism, range of magnitude of phenotypic effects, diversity of candidate genes, and proportion of mutant lines among the initial test population resemble observations from our previous p[lArB]-element screen for smi mutants using the same behavioral assay (ANHOLT et al. 1996) .
Effects of p[GT1] insertions on expression of candidate genes implicated in odor-guided behavior:
We selected ten p[GT1] insertion lines with highly significant effects on olfactory behavior for further analysis; the average mutational effect of these lines is 1.06 and 0.77 phenotypic standard deviation in females and males, respectively Among these candidate genes, pipsqueak (psq) is a transcriptional regulator associated with early development (WEBER et al. 1995 :LEHMANN et al. 1998 SIEGMUND and LEHMANN 2002) , and escargot (esg) is a transcriptional regulator, associated with development of the nervous system, including sensory bristles (WHITELEY et al. 1992; HAYASHI et al. 1993; ADELILAH-SEYFRIED et al. 2000; NORGA et al. 2003) . Semaphorin 5C (Sema-5C) has been implicated in early embryogenesis (KHARE et al. 2000) and neuralized (neur) encodes a ubiquitin ligase (LAI et al. 2001; YEH et al. 2001) , which regulates neurogenesis mediated by the Notch-Delta signaling pathway (BOULIANNE et al. 1991; YEH et al. 2000) and has been implicated in the development of olfactory sensilla (JHAVERI et al. 2000) . Merlin (Mer) is a homologue of the neurofibromatosis 2 tumor suppressor factor, implicated in axis specification during early embryonic development (MACDOUGALL et al. 2001) , and innexin2 (inx2) encodes a gap junction protein essential for epithelial morphogenesis (BAUER et al. 2002 and 2004) . The D-erythrosphingosine kinase, encoded by CG16708, has been implicated in autophagic cell death (GORSKI et al. 2003) . Calreticulin (Crc) encodes a calcium binding protein involved in intracellular protein transport and exocytosis, as well as development of the nervous system (PROKOPENKO et al. 2000) , and Crc mutants are defective in olfactory avoidance behavior to 4-methylcyclohexanol, 3-octanol, and benzaldehyde (STOLTZFUS et al. 2003) .
CG14872 has been implicated as a putative guanyl nucleotide exchange factor with a developmental function, whereas the functions of the gene products encoded by Figure 3A ). The expression profile of esg is mimicked by psq, albeit less extreme. Disruption of neur expression is especially pronounced in embryos and larvae.
In the cases of Crc and Sema-5C, expression is decreased in embryos, larvae and especially during puparium formation, but is restored to near control levels in adult flies ( Figures 3A and B) . Both CG14781 and its neighboring gene CG14782 are affected by the insertion of the p[GT1] element. In CG14781, there is a reduction of expression,in larvae and adults with an upregulation in pupae. The reduction in expression in whole bodies for these genes is much larger than that observed in heads only (compare Figures   3A and B) , suggesting that CG14781 and CG14782 are also expressed abundantly elsewhere in the body. Thus, the transcriptional effects exerted by the transposons are surprisingly diverse and heterogeneous during development, possibly reflecting effects on different promoter/enhancer elements that are recruited for regulation of gene expression at different developmental stages. Our results indicate that, at least in some cases, hypomorphic disruptions that occur in early development may account for the observed aberrant adult behavioral phenotype.
Dose-response relationships of olfactory avoidance behavior in p[GT1]
insertion lines: To further characterize the phenotypic effects of P-element insertions on the olfactory avoidance response to benzaldehyde and to establish a discriminating concentration range for detection of enhancer or suppressor effects in our subsequent analysis of epistasis, we measured dose-response relationships over a wide range of transheterozygote showing an avoidance score that is more biased toward the mutant phenotype than predicted, whereas suppressor effects will reflect an avoidance score that is more wild-type than predicted..
Analysis of variance showed significant variation in avoidance scores between the two stimulus environments and among double heterozygous genotypes as well as a significant genotype by environment interaction term (Table 4 ). The effect of genotype was also highly significant (P < 0.0001) when analyses were performed separately for each environment (Table 4) . Next, we asked whether we could observe environmentdependent variation in GCA and SCA values. Analysis of variance revealed significant variation in GCA and SCA values when pooled over both concentrations of benzaldehyde (Table 5 ). In addition to variation due to the environment per se, both the GCA by environment and SCA by environment interaction terms were statistically significant (Table 5 ) and we also observed statistically significant variation in both GCA and SCA, when analyses were performed separately for each concentration of benzaldehyde (Table   5 ). As expected from the steeper rise in the dose response curve at 0.1% (v/v) benzaldehyde than at 0.3% (v/v) benzaldehyde, which is near the inflection point that approaches the response maximum, variation in mean avoidance scores among the double heterozygotes was greater at the lower stimulus concentration (Table 4 , Figure 5 ). The genotype by environment interaction is evident both from the analysis of variance (Table   4 ) and from the crossing over of reaction norms ( Figure 5 ). (Table 5 and Supplementary Table 2 ).
When the analysis was performed with the two stimulus concentrations pooled, we observed three epistatic interactions averaged over both stimulus concentrations: an enhancer effect between Mer and neur, and suppressor effects between Mer and inx 2, and Crc and neur ( Figure 6A ). However, the pattern of epistatic interactions was greatly enriched in the two individual chemosensory environments. We identified epistatic interactions in six transheterozygous genotypes when avoidance responses were quantified at 0.1% (v/v) benzaldehyde ( Figure 6B ). Enhancer effects were observed between Mer and Crc, and between Mer and neur, whereas suppressor effects were evident between Crc and neur, Mer and inx2, Mer and CG14781/CG14782, and Crc and esg ( Figure 6B) . Surprisingly, the epistatic network shifted when avoidance responses were measured at a 3-fold higher benzaldehyde concentration (0.3% v/v). Under this condition epistatic interactions comprised seven transheterozygous genotypes and included two enhancer effects, Mer -CG32556 and esg -inx2, and five suppressor
and Mer -esg ( Figure 6C ). Thus, a dynamic epistatic network is evident in which a small number of genes, such as Mer and inx2, emerge as nodes around which enhancer/suppressor effects are shaped depending on the chemosensory environment.
DISCUSSION
Previously, we described how co-isogenic P-element mutations have revealed extensive epistasis as a hallmark of the genetic architecture of odor-guided behavior (ANHOLT et al. 2003; ANHOLT 2004) . Pervasive epistasis appears to be a characteristic feature of the genetic architecture of complex traits in Drosophila (MACKAY 2004) and also influences sternopleural and abdominal bristle numbers (DILDA and MACKAY 2002) and heat stress-induced loss of locomotor coordination ( VAN SWINDEREN and GREENSPAN 2005) .
Since behaviors are complex traits that mediate interactions between an organism and its environment, behavioral phenotypes are expected to be especially susceptible to genotype by environment interactions. It has been postulated previously that epistatic genetic networks for behavioral traits are modulated by sex, the physical and social environment, and developmental history (ANHOLT 2004). Here we provide direct evidence that confirms variation in sexual dimorphism among effects of P-element insertions on genes that contribute to olfactory avoidance behavior. Furthermore, we demonstrate that disruption of genes that act early in development can result in significant deficits in adult olfactory behavior, with effects ranging from subtle to large.
Finally, we show that the manifestation of epistatic interactions between mutant alleles is exquisitely sensitive to the chemosensory environment.
The p[GT1]-element insertional mutagenesis screen for genes affecting olfactory avoidance behavior reported here is more extensive than an earlier screen, which relied on insertions of the p[lArB] transposon (ANHOLT et al. 1996) , and has generated ~6 times more candidate genes. The proportion of aberrant lines from among the total number of lines screened, however, is similar. The high broad sense mutational heritability that we observed may be attributable to mutations with large effects on olfactory behavior and/or a large mutational target size (i.e. many genes potentially affect this trait). This is consistent with the high mutational heritability observed in our previous study of 379 P- and esg (WHITELEY et al. 1992; HAYASHI et al. 1993; ADELILAH-SEYFRIED et al. 2000) , are expressed also in adults and likely perform as yet unknown functions that may either recapitulate or be distinct from their functions in embryonic or larval stages. In cases in which gene expression in adult heads is similar in mutants and the wild-type control, adverse effects on odor-guided behavior are likely the consequence of early disruptions in the animal's developmental blueprint. Such disruptions are predicted to be subtle, as healthy adults emerge without apparent morphological defects. In cases in which gene expression is altered in adults as well as in prior developmental stages, we can not discern whether aberrant olfactory behavior is a remnant of early developmental defects or directly related to functional disruption of the gene product in the adult brain. Future detailed neuroanatomical studies will be needed to determine whether alterations in neuronal connectivity or structure can be resolved or whether the precise spatial distribution of gene expression has changed in the mutant versus its control at different developmental stages.
Availability of a co-isogenic collection of P-element insertion lines enables identification of epistatic effects by generating double heterozygotes according to the half-diallel crossing scheme of GRIFFING (1956) and statistically separating heterozygous effects from epistasis. Previously, we conducted a screen of 379 co-isogenic lines with autosomal p[lArB]-element insertions and identified 14 smell-impaired (smi) loci (ANHOLT et al. 1996) . Since all these lines were in the same genetic background, except for the differential insertion site of a single P-element, we were able to assess the extent of epistasis among them. We accomplished this by generating all possible double heterozygotes of 12 smi lines in a half-diallel design and separating average heterozygous dominance effects from epistatic enhancer and suppressor effects (FEDOROWICZ et al. 1998 We used this new collection of mutants to extend our previous studies by asking whether epistatic networks between these loci are invariant or dynamic. It should be noted, however, that the half diallel crossing design is limited in practice, as the number of measurements to be performed increases exponentially with each additional mutant (ANHOLT and MACKAY 2004) . Furthermore, the epistatic interactions we observe are likely sensitive to the sex environment. However, we limited our analysis to females only, as four of the transposon tagged candidate genes were located on the X-chromosome.
Despite the restricted scope of our experimental design, we were able to resolve epistatic interactions. Surprisingly, the nature of enhancer and suppressor effects was highly dynamic and depended strongly on the concentration of the stimulus used to elicit the olfactory avoidance response (Figure 6 ). Two transposon-tagged candidate genes, Mer and inx2, engage in epistatic interactions at both concentrations of benzaldehyde ( Figure   6 ). It is tempting to hypothesize that these genes may represent focal points around which a dynamic epistatic network revolves. However, as the size of the networks considered here and the number of genes involved is small, this assessment is at present speculative. Nevertheless, the plasticity of genetic networks that mediate complex traits, illustrated here, suggests a dynamic continuum of epistatic partnerships which comprise the full spectrum from highly stable hubs to fragile, fleeting interactions. pupae; H, adult female heads. In panel A, significance levels for differences between mutants and the control were estimated with two-tailed Student's t test. * P < 0.05; ** P < 0.01; *** P < 0.001. In panel B, differences in gene expression levels were considered significant, indicated by the asterisks, when 95% confidence intervals around the mean value of the mutant and that of the control were non-overlapping. were estimated with Student's t test. * P < 0.05; ** P < 0.01; *** P < 0.001. for explanation), c S and L denote the main cross-classified effects of Sex and Line, respectively in the ANOVA of avoidance scores.
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